Calculations of hadron masses are done in quenched approximation using gauge field and fermion actions which are both corrected for discretization errors to O(a 2 ) at the classical level and which contain tadpole improvement factors. The fermion action has both nearest-neighbour and next-nearestneighbour couplings in the kinetic and Wilson terms. Simulations done at lattice spacings of 0.3 and 0.4fm yield hadron masses which are already quite close to experimental values. The results are compared to Wilson action calculations done at comparable lattice spacings.
Introduction
During the past several years there has been renewed interest in the use of improved lattice actions. Many calculations have been done using the so-called clover action [1, 2, 3] motivated by the pioneering work of Sheikholeslami and Wohlert [4] . Recently the move toward improved actions has been given even more impetus by the work of Lepage and co-workers [5, 6] which suggests that with tadpole improvement [7] , calculations can be done quite accurately even on rather coarse lattices. In this note we report on calculations done with a simple tadpole-improved next-nearest-neighbour fermion action which support this suggestion.
The essential idea of improved actions is that by including terms that are nonleading (in powers of lattice spacing) one can reduce discretization errors.
Of course, the choice of action is not unique. The approach of Sheikholeslami and Wohlert [4] is to impose the minimal on-shell improvement condition [8] and they showed that O(a) errors could be removed from physical observables by the use of the so-called clover action. An advantage of this action is that to O(a) the familiar Wilson plaquette action may be used for the gauge field. However, as Lepage and co-workers [5, 6] have shown, a significant gain can be made in improving the gauge field actions by incorporating tadpole factors [7] in the weighting coefficients of the nonleading terms. This, for example, leads to restoration of rotational invariance [5] of the static potential even at lattice spacings of order 0.4fm. In ref. [6] Alford et al extended the tadpole improvement program to the light quark sector, introducing the D234 fermion action which, at the classical level, is corrected to O(a 2 ). A feature of the D234 action is that it contains both clover and next-nearest-neighbour terms in addition to the terms appearing in the Wilson action.
In this work we propose the use of a simple alternative to the D234 action which dispenses with the clover term altogether. This is the next-nearestneighbour fermion action 1 in which both kinetic and Wilson terms have been corrected at tree-level to O(a 2 ) [10] . In addition, tadpole factors are included in the next-nearest-neighbour terms. These work to remove, in a mean field sense, discretization errors due to tadpole-like couplings induced by the lattice description of the gauge field [7] . In conjunction with this fermion action we use a gauge field action that has been analogously improved, that is, O(a 2 ) tree-level improvement plus tadpole factors. 
Method
The SU(3) gauge fields are described by an action that contains both 4-link square plaquettes (pl) and planar 6-link rectangular plaquettes (rt). As shown in [12] the 6-link rectangles are sufficient to remove O(a 2 ) errors at the classical level. In addition tadpole factors are introduced into the weighting of the 6-link term. The action is
where U pl are the square plaquettes and U rt are the planar 6-link plaquettes.
The coefficient C rt = −1/20U 2 0 includes the tadpole factor
The first term of (1) is just the Wilson action.
For the fermions, the Wilson action augmented by next-nearest-neighbour couplings [10] in both the kinetic and Wilson terms is used. Including tadpole factors the action is
With the coefficients as in (2) Wilson action. These values were chosen so that lattice spacings determined from the string tension would match for the two actions [13] . These lattice spacings are 0.4fm and 0.3fm for the smaller and larger β-values respectively.
The lattice sizes used were 6 3 × 12 and 8 3 × 14.
Gauge field updating was done using the Cabbibo-Marinari pseudo-heatbath. Periodic boundary conditions were used for the gauge field in all di-rections. The lattice was thermalized for 4000 sweeps then configurations were used every 250 sweeps in the case of the improved action and every 200 sweeps for the Wilson action.
Quark propagators were calculated for a range of κ values in each simulation. A stabilized biconjugate gradient algorithm [14] was used for these calculations. Periodic boundary conditions were imposed on the quark fields in spatial directions but in the time direction a Dirichlet or fixed boundary condition was used. This allows mass measurements to be made further from the source than with periodic boundary conditions. This is an important consideration given the relatively small number of time slices. The source position was fixed to be two time steps in from the boundary in all simulations.
Meson and baryon correlators were calculated using standard local interpolating fields.
with Γ = γ 5 , γ µ for the mesons,
for the nucleon, where C is the charge conjugation matrix, and
for the isobar.
As is well known, smeared operators can be used to enhance the overlap of the interpolating field with the ground state. This allows ground state masses to be extracted closer to the source point where statistical fluctuations are less severe. In fact, a smeared sink, although maybe less effective than a smeared source, can be implemented at very little cost. Therefore, correlators were constructed for both local and smeared sinks with local sources. Gaussian smearing [15] was used. The smearing function is
where
The smearing parameters were fixed at n = 6 and α = 2 for all simulations. No attempt was made to optimize the smearing parameters for this exploratory calculation.
The lattice details for the calculations are summarized in Table 1 .
Results and Conclusion
Masses were calculated using an analysis procedure motivated by Bhattacharya et al [16] . For each channel the correlation functions G(t) were configuration averaged and the effective mass function M eff (t) = ln(G(t)/G(t + 
or
The criterion was that the cubic form (which is motivated by chiral perturbation theory [17] ) was used whenever the coefficient d could be determined to be nonzero within the statistical errors. If the mass data showed no evidence of a cubic term then the quadratic form was used.
The errors in masses and in mass ratios were estimated using a bootstrap procedure. For each simulation 500 bootstrap samples were chosen from the original sample and analyzed for masses and mass ratios. The quoted errors on observables are one half the difference between the 16 th and 84 th percentile values found in the bootstrap distribution for that observable.
In addition to the u,d sector we are also interested in the strange quark sector. To fix κ s , (i.e., the strange quark mass) the condition K * /K equals the experimentally observed value 1.8 was used. Generally speaking κ s does not coincide with one of our chosen κ values. This requires an interpolation (or extrapolation) which was done linearly in κ using the two κ values nearest
As a representative sample of our results we show the ρ-meson, nucleon and delta masses as a function of M 2 π in Fig. 1 . Also shown are the extrapolations to the chiral limit. Mass ratios extrapolated to the chiral limit are given in Table 2 . Meson masses are given with respect to the ρ-meson mass and baryon masses with respect to the nucleon mass. The ratio M N /M ρ then sets an overall scale of baryon masses relative to meson masses and this seems to be the quantity most effected by discretization errors. By 0.3fm the improved action results are fairly close to experiment and are compatible with Wilson action calculations done at small lattice spacing [11] . which was interpreted in [18] as a failure of the quenched approximation.
Our improved action results are consistent with the previous determinations.
An interesting way to look at the quark mass dependence of pseudoscalar and vector mesons is to examine the squared mass difference
rectly. Even before QCD was developed, mass formulae, essentially soft pion theorems, were derived suggesting that this quantity should be constant [19] .
Within QCD such behaviour is predicted for light-heavy mesons by heavy quark symmetry [20] . What is more interesting from our point of view is the possibility that the constancy of
P is an algebraic consequence [21] of chiral symmetry in QCD. Then the deviation from M In the continuum limit all lattice QCD actions should give the same results. Furthermore, if simulations done with improved actions on coarse lattices are to be useful the results should extrapolate smoothly to the continuum limit. Calculations in the light hadron sector using tadpole improved actions of the type used in this work are still too scarce to be able to make definitive statements. However, the ratio of nucleon to ρ-meson mass has been calculated a number of times. The results of tadpole improved actions [6, 23] and a sample of Wilson action results [11, 16, 24] are presented in 
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